Activation of p53 by cellular stress may lead to either cell cycle arrest or apoptotic cell death. Restrictions in a cell's ability to halt the cell cycle might, in turn, cause mitotic catastrophe, a delayed type of cell death with distinct morphological features. Here, we have investigated the contribution of p53 and caspase-2 to apoptotic cell death and mitotic catastrophe in cisplatin-treated ovarian carcinoma cell lines. We report that both functional p53 and caspase-2 were required for the apoptotic response, which was preceded by translocation of nuclear caspase-2 to the cytoplasm. In the absence of functional p53, cisplatin treatment resulted in caspase-2-independent mitotic catastrophe followed by necrosis. In these cells, apoptotic functions could be restored by transient expression of wt p53. Hence, p53 appeared to act as a switch between apoptosis and mitotic catastrophe followed by necrosis-like lysis in this experimental model. Further, we show that inhibition of Chk2, and/or 14-3-3r deficiency, sensitized cells to undergo mitotic catastrophe upon treatment with DNA-damaging agents. However, apoptotic cell death seemed to be the final outcome of this process. Thus, we hypothesize that the final mode of cell death triggered by DNA damage in ovarian carcinoma cells is determined by the profile of proteins involved in the regulation of the cell cycle, such as p53-and Chk2-related proteins.
In dividing cells, DNA damage caused by genotoxic insults results in the activation of cell cycle checkpoints followed by DNA repair to ensure the integrity of the transcribed genome. DNA repair processes are mediated by two major protein kinase pathways: the ataxia-telangiectasia mutated (ATM) through checkpoint kinase 2 (Chk2), and the ataxia-telangiectasia and Rad-3-related through Chk1.
1 ATM-mediated phosphorylation regulates the activity of various proteins, including p53, Mdm2 and Chk1. Under normal conditions, the p53 level is low due to Mdm2-mediated ubiquitination and subsequent proteasomal degradation. Upon phosphorylation through ATM, p53 interaction with Mdm2 is inhibited, resulting in its stabilization.
2 p53 is activated by stress and, depending on the severity of damage, it triggers either G 1 or G 2 arrest, mainly through transcriptional upregulation of p21 and/or 14-3-3s. [3] [4] [5] Alternatively, apoptosis might be initiated through the activation of pro-apoptotic genes, such as Bax, PUMA or Fas receptor. 6, 7 In addition, PIDD, p53 upregulated protein with a death domain, appears to be a crucial target gene in a signaling pathway that is initiated by p53 and leads to either activation of NFkB-dependent cell survival or apoptosis. The regulation of these alternate signaling pathways is dependent on the modulation of PIDD autoprocessing. Hence, a limited amount of DNA breaks leads to the formation of a NFkBactivating fragment of PIDD (PIDD-C), whereas more severe DNA damage triggers formation of PIDD-CC and a strong apoptotic response. 8 The apoptotic pathway includes caspase-2, which is activated within the PIDDosome complex, 9, 10 and causes cytochrome c release and caspase activation. [11] [12] [13] Hence, PIDDosome-mediated caspase-2 activation might be an important link between DNA damage and the engagement of the mitochondria-mediated apoptotic pathway. 10, 14 Although p53 plays a central role in DNA damage-induced apoptosis, cells carrying p53 mutations can still die from DNA lesions. Delayed death, referred to as mitotic catastrophe, can occur in p53-deficient cells and was described as the main form of cell death induced by ionizing radiation. 15 It can also be triggered by treatment with microtubule-damaging agents, various anticancer drugs and mitotic failure caused by defective cell cycle checkpoints. At present, commonly accepted definition of mitotic catastrophe is absent, although some reports suggest that it shares several biochemical hallmarks of apoptosis, in particular mitochondrial membrane permeabilization and caspase activation. 16, 17 In spite of these observations, important differences between the two cell death modalities have emerged. Hence, the morphology of mitotic catastrophe is different from apoptosis. It is characterized by multi-nucleated giant cells with the formation of nuclear envelopes around individual clusters of missegregated, uncondensed chromosomes, whereas apoptosis results in cytoplasmic shrinkage and chromatin condensation. Moreover, Bcl-2 overexpression or caspase inhibition fails to prevent mitotic catastrophe and the accumulation of giant multi-nucleated cells. 18, 19 Previously, we demonstrated a crucial role for p53 and caspase-2 in the apoptotic response of colon carcinoma cells to DNA-damaging drugs. 14 Here, we focus on the contribution of p53 and caspase-2 to mitotic catastrophe and/or apoptosis in ovarian carcinoma cells treated with cis-diamminedichloroplatinum(II) (cisplatin). We show that both p53 and caspase-2 are required for apoptosis, and that nuclear caspase-2 is translocated to the cytosol during this process. In contrast, the absence of p53 leads to mitotic catastrophe followed by necrosis-like lysis. Caspase-2 does not involve in this process. Further, Chk2 inhibition in cells expressing p53 triggers mitotic catastrophe in response to DNA damage. However, at later time points these cells undergo apoptosis. Thus, we hypothesize that mitotic catastrophe is solely a morphological feature, and that the final mode of cell death triggered by DNA damage is determined by the profile of proteins involved in the regulation of the cell cycle, such as p53-and Chk2-related proteins.
Results
Cisplatin-induced cell death in ovarian cancer cells. The conventional treatment regimen for ovarian cancer is combination chemotherapy of a platinum-based drug with paclitaxel. 20 First, we compared the susceptibility of ovarian carcinoma Caov-4 and SKOV-3 cell lines to treatment with three different drugs, 5-FU, staurosporin and cisplatin. Analysis of nuclear morphology revealed that Caov-4 and SKOV-3 cells responded differently to these treatments. 5-FU, which is an inducer of p53-dependent apoptosis in colon carcinomas, 21 showed no effect on either cell line. Staurosporin induced time-dependent accumulation of condensed nuclei in both cell lines. Finally, treatment with the DNA crosslinking agent, cisplatin, for 48 h led to an increased number of condensed nuclei in Caov-4, but not in SKOV-3, cells (Figure 1a) . A distinct difference in response to cisplatin between cell lines was confirmed by analyzing oligonucleosomal DNA fragmentation (Figure 1b ). In addition, FACS analysis of PI-stained cells displayed accumulation of a discrete sub-G 1 (apoptotic) population only in Caov-4 cells 24 h after cisplatin exposure (data not shown). The viability of both cell lines was studied by FACS using annexin V/PI co-staining and demonstrated the accumulation of apoptotic (in Caov-4) and necrotic-like (in SKOV-3) cells after cisplatin treatment (Supplementary Figure S1A ). The changes in nuclear morphology, analyzed by Hoechst staining, revealed that at 24 h of cisplatin treatment, the nuclei of SKOV-3 cells became significantly larger, and at 48 h multi-nucleated cells with decondensed chromatin appeared (Figure 1c) . After 72 h, many multinucleated giant cells with chromosome vesicles were observed, and at 96 h most of the cells had started to collapse and detach from the culture plate, indicative of necrosis-like lysis. In contrast, Caov-4 cells showed evidence of apoptosis with formation of pyknotic nuclei and appearance of apoptotic bodies (Figure 1c) . Moreover, in comparison to Caov-4 cells, which accumulated in the G 2 /M phase of the cell cycle, SKOV-3 cells revealed predominant accumulation in the S phase following cisplatin treatment (Figure 1d ). These results indicate that the genotoxic response to cisplatin differs between ovarian cancer cell lines. Caov-4 cells responded by arresting in the G 2 phase of the cell cycle followed by apoptotic cell death, whereas SKOV-3 cells displayed characteristics of mitotic catastrophe followed by necrosis-like lysis after predominant accumulation in S phase.
Characteristics of cisplatin-induced apoptosis and mitotic catastrophe in ovarian cancer cells. Although it was suggested that mitotic catastrophe shares certain key molecular events with apoptosis, 17 these two processes have been argued to be fundamentally different. 18 We found a time-dependent processing of caspase-2, -3 and -9 and increase in their activities in Caov-4 cells but not in SKOV-3 cells (Figure 2a and b) . No caspase-8 activity or processing was detected in either one of the cell lines. Further, a timedependent cleavage of PARP was observed following cisplatin treatment only in Caov-4 cells (Figure 2d) .
Previously, we have demonstrated the importance of caspase-2 activation for cytochrome c release and completion of apoptosis upon 5-FU-induced DNA damage in HCT116 colon carcinoma cells.
14 To investigate whether the mitochondrial apoptotic pathway is also involved in cisplatininduced cell death, the release of cytochrome c in Caov-4 and SKOV-3 cells was analyzed. As expected, cytochrome c release was found in cisplatin-treated Caov-4, but not in SKOV-3, cells (Figure 2c ). Taken together, these observations demonstrate that the intrinsic apoptotic pathway is crucial for the cell death process in cisplatin-treated Caov-4 cells; however, caspase activation was not required for cisplatin-induced mitotic catastrophe in SKOV-3 cells.
Caspase-2 functions as an initiator caspase and is released from the nucleus into the cytosol upon cisplatin treatment of Caov-4 cells. To investigate the role of caspase-2 in cisplatin-induced apoptosis, siRNA targeting of the caspase-2 mRNA was performed. In cells with reduced caspase-2 (Figure 3a) , a decrease in cisplatininduced cytochrome c release (Figure 3b ), a reduction in both caspase-3 and -9 activities and PARP cleavage were observed (Figure 3c and d) .
Analysis of subcellular localization of caspase-2 revealed that it is primarily a nuclear protein in both cell lines (Figure 4a ). However, upon cisplatin treatment of Caov-4 cells, caspase-2 was translocated from the nucleus into the cytosol (Figure 4a and b) . Such translocation was not detected in SKOV-3 cells, where caspase-2 remained in the nucleus also in treated cells. In contrast, caspase-2 was processed and translocated into the cytosol in staurosporintreated SKOV-3 cells, which undergo apoptosis upon such treatment (data not shown). To investigate the mechanism of caspase-2 translocation following cisplatin treatment, Caov-4 cells were incubated with the inhibitor of nuclear export leptomycin B, which, however, did not block caspase-2 translocation in treated cells (data not shown). A previous observation demonstrating the ability of caspase-2 to induce cytochrome c release and apoptosis in the presence of leptomycin B are in accordance with our results. 22 Taken together, these findings suggest a role for caspase-2 as an initiator caspase of critical importance for the apoptotic outcome of cisplatin treatment in Caov-4 cells. Although the precise mechanism responsible for the export of nuclear caspase-2 to the cytosol is still unknown, it appears that such translocation might be a crucial event in apoptosis.
Caspase-2 is not required for cisplatin-induced mitotic catastrophe in SKOV-3 cells. Hence, our results suggest that cisplatin treatment of SKOV-3 cells results in mitotic catastrophe without requirement of caspase processing or activation. However, to investigate a possible involvement of pro-caspase-2 in mitotic catastrophe via interaction with other proteins, the level of caspase-2 in SKOV-3 cells was suppressed by siRNA transfection (Figure 5a and b) . Using confocal microscopy, appearance of the mitotic catastrophe phenotype was still detected upon treatment of these cells (Figure 5b ), indicating that caspase-2 is not required for cisplatin-induced mitotic catastrophe.
Functional p53 is required for cisplatin-mediated apoptosis in SKOV-3 cells. p53 is mutated in both cell lines employed in our study. In Caov-4 cells, p53 is expressed but carries a point mutation in codon 147. In SKOV-3 cells, deletion of a single nucleotide at position 267 (codon 90) blocks p53 protein expression. 23 Thus, the lack of caspase-2 activation following cisplatin treatment in SKOV-3 cells might be a consequence of the lack of p53. In Caov-4 cells, immunoblotting, immunostaining and RT-PCR analysis provided evidence for p53 protein accumulation upon cisplatin treatment (Figure 6a Figure S2) . In addition, treatment of these cells with cisplatin for up to 72 h resulted in apoptotic nuclear morphology and formation of apoptotic bodies (Figure 7b ). These data demonstrate that p53 transduction markedly enhanced the sensitivity of SKOV-3 cells to cisplatin-induced apoptosis, and suggest a role for p53 as a negative regulator of mitotic catastrophe. Hence, p53 appears to act as a switch between apoptosis and necrosis following mitotic catastrophe in ovarian cancer cells, suggesting that functional p53 is essential for initiation of cisplatin-mediated apoptosis.
Chk2 inhibition induces mitotic catastrophe in Caov-4 cells. Studies aiming to elucidate the process of mitotic catastrophe in molecular terms are based mostly on experiments performed on HCT116 colon carcinoma cells treated with doxorubicin. 5, 24 In these studies, the inhibition of Chk2, or the absence of the cell cycle regulator 14-3-3s, was found to facilitate translocation of the cyclin-dependent kinase 1/cyclin B complex to the nucleus, thereby preventing G 2 arrest and triggering mitotic catastrophe in response to DNA damage. To investigate whether Chk2 inhibition also triggers mitotic catastrophe in response to cisplatin, Caov-4 cells were pretreated with the Chk2 inhibitor, debromohymenialdisine (DBH), and the changes in nuclear morphology following cisplatin exposure were observed. In contrast to cells treated with either DBH or cisplatin alone for up to 72 h, the combination of both chemicals led to formation of multi-nucleated giant cells with chromosome vesicles, indicative of mitotic catastrophe (Figure 8c ). However, apoptotic bodies with condensed chromatin appeared when the cells were exposed to cisplatin for longer time periods. Hence, at 96 h almost all cells displayed appearance of pyknotic nuclei. It was previously reported that the inactivation of Chk2 can sensitize cell to mitotic catastrophe in the presence of DNA-damaging agents. 24 However, although our experiments confirmed this, DBH-pretreated Caov-4 cells still died by apoptosis after exposure to cisplatin.
As mentioned above, treatment of 14-3-3s À/À HCT116 cells with doxorubicin leads to mitotic catastrophe, 5 in a process that also involves caspase activation and chromatin condensation. 24 In light of our findings, it was of interest to investigate the effect of doxorubicin in 14-3-3s À/À HCT116 cells at later time points. Treatment with doxorubicin led to p53 (Figure 9c ). However, 48 h after treatment cells started to display chromatin condensation, and at 72 h apoptotic bodies with condensed nuclei were observed in most cells. These data are in agreement with our observations using Chk2-inhibited Caov-4 cells and indicate that inhibition and/or downregulation of Chk2-and Chk-2-related proteins sensitize cells to undergo mitotic catastrophe upon treatment with DNA-damaging agents. Nevertheless, apoptotic cell death seems to be the final outcome of this process. 
Discussion
For many human cancers, chemoresistance is a therapeutic problem that severely limits a successful outcome. This is particularly true for ovarian cancer, in which the development of chemoresistance is common. The preferred treatment regimen for ovarian cancer is a combination chemotherapy of platinum-based drug with paclitaxel. 20 We found that ovarian cancer cells differ in their response to cisplatin, which involves either apoptosis or necrosis following mitotic catastrophe. Cell death kinetics was monitored in two cell lines between 24 and 96 h after treatment. Apoptosis was first detected in Caov-4 cells at 24 h by DNA fragmentation and chromatin condensation, with formation of apoptotic bodies seen at 48 h. In contrast, cisplatin-treated SKOV-3 cells displayed an entirely different nuclear morphology with the appearance of micronuclei with decondensed and segregated chromosomes enclosed in nuclear envelopes (likely arising through abnormal mitosis). This morphology has previously been reported to result from mitotic catastrophe. 18 However, later on these cells died by necrosis-like lysis.
It has been debated whether mitotic catastrophe results in cell death via activation of caspase-dependent or -independent mechanisms. For example, in the model of Chk2-inhibited syncytia, pre-mitochondrial activation of apical caspases in general, and of caspase-2 in particular, was detected in metaphase-associated mitotic catastrophe. 17 However, in our model, there was a time-dependent increase in caspase activation only in apoptotic Caov-4 cells, whereas cisplatin-induced mitotic catastrophe developed without the involvement of caspase activation in SKOV-3 cells. In accordance with a previous study, 25 this observation indicates that caspases are not mandatory for mitotic cell death. This conclusion is also supported by our finding that caspase-2 silencing did not prevent mitotic catastrophe.
Caspase-2 is characterized by a unique intracellular distribution. This enzyme has been found in the cytosol, as well as in the Golgi complex and the nucleus. 26, 27 Although mitochondrial caspase-2 translocation was described in Birc-6-deficient murine embryonic fibroblasts, a recent investigation using a set of antibodies raised to different epitopes of caspase-2 failed to provide evidence for its presence in the mitochondria. 28, 29 Importantly, pro-caspase-2 is the only procaspase present constitutively in the nucleus. 27, 30 Consistent with these studies, a primarily nuclear localization of procaspase-2 was found in both Caov-4 and SKOV-3 cells (Figure 4) . Moreover, we show for the first time a nuclearcytoplasmic translocation of constitutive caspase-2 during apoptosis. Whether caspase-2 activation takes place within the nucleus, and is required for its translocation, or whether translocation precedes activation is still unclear.
It has been suggested that the presence of functional p53 in ovarian cancer cells enhances their sensitivity to radiation, but the correlation between their p53 status and susceptibility to platinum treatment has been unclear. 31, 32 We found a strong correlation between the expression of p53 and the sensitivity to cisplatin-induced apoptosis. Caov-4 cells responded to cisplatin treatment by elevated p53 expression followed by Bid cleavage and Bax activation (Supplementary Figure S1B and C). In addition, in Caov-4 cells the autoprocessing of PIDD was found to generate the PIDD-CC fragment, that is strongly correlated with the apoptotic response of cells, in which caspase-2 activation is a prerequisite for apoptosis. 8 In SKOV-3 cells, PIDD was found to autoprocess only into the PIDD-C fragment, which has been associated with NF-kBdependent cell survival. Recent results demonstrate the inducible assembly of a protein complex consisting of caspase-2, TRAF2 and RIP1 that activates NF-kB and p38 MAPK through the caspase recruitment domain of caspase-2 independently of its proteolytic activity. 33 However, it is unclear whether PIDD-C is also present in this complex and if these cells with active NF-kB undergo necrosis upon DNA damage.
Cisplatin is known to induce growth arrest in either the S-or the G 2 /M-phase of the cell cycle. Indeed, cisplatin administration resulted in an accumulation of Caov-4 cells in G 2 /M phase. Previously, it has been shown that p53 plays a critical role in the maintenance of the G 2 checkpoint and in the prevention of premature entrance into mitosis after DNA damage. 4, 21 Moreover, failure of cells to arrest in the G 2 phase in response to cytotoxic agents has been described as a consequence of the absence, downregulation, or inhibition of G 2 checkpoint proteins, including p53, p21, Chk2 and 14-3-3-ss. 4, 5, 34 Given that p53 or its related pathways are inactivated, abrogation of the G 2 checkpoint leads to entrance of cells into premature mitosis. Cells suffering from abnormal mitosis fail to segregate their chromatin and do not divide. However, they are not prevented from re-entering the cell cycle. Instead, after aberrant mitosis and mitotic exit, cells proceed into S-phase-like growth arrest. A similar S-phase arrest was observed in SKOV-3 cells.
The results of this study clearly show a critical role for p53 in the regulation of mitotic catastrophe in response to DNA damage ( Figure 10 ). Several reports indicate that not only the absence of p53 but also the inhibition or downregulation of Chk2-related proteins can enhance the frequency of catastrophic mitoses. 4, 5, 34 However, in contrast to these studies, we show that doxorubicin-induced mitotic catastrophe in 14-3-3s À/À HCT116 cells, as well as in Chk2-inhibited Caov-4 cells, is followed by apoptosis at later time points (Figure 10 ). Although functional p53 is present in 14-3-3s À/À HCT116 cells, it seems that these cells are delayed with respect to activation of the apoptotic program. Our findings are supported by the observations demonstrating that cells that escape G 2 arrest and enter mitosis initially respond to abnormal mitosis through a p53-independent pathway. 35 This pathway has been shown to activate a checkpoint located in the metaphase-anaphase transition, and whose function is to synchronize mitosis with spindle formation. Eventually, cells can escape from this block by mitotic slippage. 36 Moreover, after prolonged mitotic arrest, mitotic slippage can induce cell death by a p53-dependent pathway in which p53 target genes trigger apoptosis. 37, 38 Our results suggest that the increased p53 expression, followed by caspase-2 activation, occurs subsequently to the morphological changes characteristic of mitotic catastrophe. This indicates that DNA damage-induced mitotic catastrophe precedes apoptosis, which is delayed due to a primary mitotic arrest.
Although there is no generally accepted definition of mitotic catastrophe, it has been referred to as a mode of cell death that occurs during, or shortly after, dysregulated or failed mitosis, and which is thought to be fundamentally different from apoptosis. 18 However, despite its distinctive morphology, mitotic catastrophe may represent a pre-stage of apoptosis. This suggestion is based on studies indicating that apoptosis might follow, rather than precede, mitotic catastrophe. [39] [40] [41] Apoptosis, however, is not always required for the lethal effect of mitotic catastrophe, 19 since abnormal mitosis can lead to cell death through both apoptosis and necrosis based on the molecular profile of the cells 42, 43 ( Figure 10 ). Further studies are required for a better understanding of this relationship.
Materials and Methods
Cell culture. The human epithelial ovarian carcinoma cell lines, Caov-4 and SKOV-3, were cultured in RPMI 1640 complete medium supplemented with 10% (v/v) heat-inactivated fetal calf serum, 2% (w/v) glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. The 14-3-3s À/À HCT116 cells were cultured in McCoy's medium supplemented with 10% (v/v) heat-inactivated fetal calf serum, 100 U/ml penicillin and 100 mg/ml streptomycin. Cells were grown in a humidified 5% CO 2 atmosphere at 371C and maintained in a logarithmic growth phase for all experiments. Throughout the experiments, cells were treated with either 33 mM cisplatin (Bristol-Meyers), 375 mM 5-FU (Sigma-Aldrich, Saint Louis, MO, USA), 0.1 mM staurosporine (Sigma-Aldrich) or 200 nM doxorubicin (Farmitalia Carlo Erba, Spain) for the indicated time period. In selected samples, the irreversible caspase-2 inhibitor z-VDVAD-fmk (25 mM) (Enzyme Systems Products, Livermore, CA, USA), and selective Chk2 inhibitor, DBH (20 mM) (Alexis Biochemicals, San Diego, CA, USA) were added 1 and 24 h, respectively, before treatment with chemotherapeutic drugs. The specific inhibitor of the nuclear export, leptomycin B (1 nM) (SigmaAldrich) was added simultaneously with the chemotherapeutic drug.
Plasmids. At 24 h after setting in culture dishes with fresh medium, SKOV-3 cells (10 5 ) were transfected with plasmid encoding wild-type p53. Transfections were performed with LipofectAMINE PLUS (Invitrogen, San Diego, CA, USA) according to the manufacturer's protocol. As control, cells were transfected with an empty vector.
Hoechst staining and immunofluorescence. Cells seeded overnight on coverslips were fixed for 20 min in 4% paraformaldehyde on ice. Permeabilization and blocking of nonspecific binding of antibodies were performed by incubation of cells in PBS buffer containing 10 mM HEPES, 3% BSA and 0.3% Triton X-100 at RT for 60 min. Incubations with primary (1 : 100) and secondary antibodies (1 : 200), diluted in PBS buffer, were performed at 41C overnight and at RT for 60 min, respectively. Counterstaining of nuclei was carried out by a 10-min incubation with Hoechst 33342 (1 mg/ml in PBS solution) at RT. Between all steps, cells were washed for 3 Â 10 min with PBS at RT. Stained sections were mounted using Vectashield H-1000 (Vector Laboratories Inc.) and examined under a LSM 510 META confocal laser scanner microscope (Zeiss, Göttingen, Germany). Fluorescent secondary antibodies directed to mouse (Alexa 488), rabbit (Alexa 594) and rat (Alexa 647) were purchased from Molecular Probes (Leiden, The Netherlands). The number of apoptotic cells was measured by assessing the percentage of cells displaying fragmented or condensed nuclei. Approximately 300 nuclei were counted per sample.
DNA fragmentation. Cells (2 Â 10 6 ) after treatment were washed in PBS and resuspended in 500 ml lysis buffer (100 mM Tris-HCl, pH 8.5, 5 mM EDTA, 0.2 M NaCl, 0.2% SDS and 0.1 mg/ml proteinase K). After overnight incubation, DNA was precipitated by adding an equal volume of isopropanol, and dissolved in 50 ml TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA) containing 0.1 mg/ml RNase A, and incubated at 371C for 30 min to degrade mRNA. DNA samples were mixed with 6 Â Loading Dye Solution (Fermentas), separated at 50 mA in a 2% agarose gels containing ethidium bromide and visualized by UV light. The DNA marker VI (Roche Diagnostics) served as a molecular marker. were washed with ice-cold PBS, resuspended in 25 ml of PBS and loaded on a microtiter plate. Next, fluorogenic substrates VDVAD-AMC (50 mM), DEVD-AMC (50 mM), LEHD-AMC (50 mM) or IETD-AMC (50 mM) dissolved in a standard reaction buffer (100 mM Hepes, pH 7.25, 10% sucrose, 10 mM DTT, 0.1% CHAPS) for VDVAD-AMC and LEHD-AMC or (100 mM MES, pH 6.5, 10% polyethylene glycol, 10 mM DTT, 0.1% CHAPS) for DEVD-AMC and IETD-AMC, were added to the wells. Cleavage of these substrates was monitored by AMC liberation in a Fluoroscan II plate reader (Labsystems) using 355 nm excitation and 460 nm emission wavelengths. Fluorescence units were converted to picomoles of AMC using a standard curve generated with free AMC. Data from triplicate samples were then analyzed by linear regression.
Gel electrophoresis and immunoblotting. Cell were harvested, washed in PBS and lysed for 30 min on ice in lysis buffer (20 mM Tris-HCl, pH 8.0, 2 mM EDTA, 138 mM NaCl, 10% glycerol, 1% Triton X-100 and 1 Â complete protease inhibitors (Roche Diagnostics). Cell extracts were centrifuged at 10 Â g for 8 min at 371C to separate insoluble material, followed by determination of protein concentration using the BSA assay (Pierce). Equal amounts of protein from each sample were mixed with Laemmli's loading buffer, boiled for 5 min and subjected to SDS-PAGE at 130 V followed by electroblotting to nitrocellulose membranes for 2 h at 100 V. Membranes were blocked for 1 h with 5% non-fat milk in PBS at room temperature and subsequently probed with the primary antibody of interest. Blots were revealed by ECLt (Amersham Biosciences, Uppsala, Sweden). Cytofluorometric analysis. The distribution of cells in the sub-G 1 , G 1 , S and G 2 /M cell cycle phases was determined by flow cytometry. Cells were harvested at 1 Â 10 6 cells/ml, washed in PBS, fixed in ice-cold 70% ethanol for 30 min and stained with PI solution (50 mg PI/ml, 0.1% (w/w) Triton X-100 and 0.1% (w/w) Na-citrate in PBS) in the presence of RNase A (0.5 mg/ml at 41C overnight). Flow cytometric analysis was carried out using a FACScan flow cytometer equipped with CellQuest software (Becton Dickinson, San Jose, CA, USA).
Mitochondrial cytochrome c release. Cells (1 Â 10 6 ) treated as indicated in Figures 2c and 3b were washed in ice-cold PBS, resuspended in 100 ml of buffer (5 mM Tris-HCl, pH 7.4, 50 mM KCl, 5 mM MgCl 2 , 1 mM EGTA, 5 mM succinate, 1 mM KH 2 PO 4 , 140 mM mannitol) and permeabilized with digitonin (0.01%) for 5 min at RT. Mitochondria and nuclei were removed from the soluble cytosolic fraction by centrifugation at 16 000 Â g for 5 min. Mitochondrial pellets and supernatants containing released cytochrome c were subsequently separated in SDS-PAGE and analyzed by immunoblotting.
siRNA methodology. Silencing of caspase-2 and p53 mRNA was achieved by transfection of 21-nt RNA duplexes. Transfection of anti-caspase-2 (ONTARGETplus SMARTpool L-003465-00-0005, Dharmacon) and control (sense-ugagaaugugaugcgcguc-tt, EirX) siRNA were carried out using the LipofectAMINE 2000 reagent (Invitrogen) according to the manufacturer's instructions and using 10 nmol of double-stranded siRNA. Transfection of antip53 (SI02655170 HP validated; Qiagen, Hilden, Germany) siRNA was carried out using the HiPerFect transfection (Qiagen) reagent according to the manufacturer's instructions and using 5 nmol of double-stranded siRNA. Figure 10 DNA damage induces different modes of cell death. Depending on the severity of DNA damage cells might die by apoptosis or necrosis. Functional p53 and caspase-2 are required for the apoptotic response. In the absence of functional p53 or cell cycle regulated proteins, cells upon DNA damage might undergo mitotic catastrophe. This process is caspase-2-independent and is followed by necrosis. In these cells, apoptotic functions could be restored by transient expression of wt p53. Hence, p53 appears to act as a switch between apoptosis and mitotic catastrophe followed by necrosis-like lysis. Inhibition of Chk2, and/or 14-3-3s deficiency, sensitizes cells to undergo mitotic catastrophe upon treatment with DNA-damaging agents. However, apoptotic cell death seems to be the final outcome of this process
